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Abstract—This paper presents a complete study on the spectral 
behavior of a multimode-coreless-multimode fiber-optic 
structure, as well as its application as a refractometer and liquid 
level sensor. The combination of two standard multimode fibers 
fused to a coreless fiber segment allows generating narrow 
interferometric bands in the optical spectrum, whose sensitivity 
can be improved by an adequate selection of the dimensions of 
the device (the coreless segment length and the diameter of the 
sensing area). A second way to improve the performance of the 
device is to deposit a thin-film of SnO2, which allows increasing 
the sensitivity up to 314 nm/RIU. This widens the number of 
applications where this structure can be used. As an example, a 
liquid level sensor with 0.73 nm/mm sensitivity is presented. 
 
Index Terms— Optical fiber sensor, refractive index, 
multimode-coreless-multimode (MCM), interferometer, 
refractometer, water level sensor.  
 
I. INTRODUCTION 
OWADAYS there is a trend towards monitoring the 
world around us. Consequently, sensors are becoming 
more and more important. More specifically, optical sensors 
offer high sensitivity, electromagnetic immunity, reduced 
weight, cost and size, and the option to work in a distributed 
sensing network. Although their commercial presence is not as 
widespread as it is the case of electronic sensors, the progress 
made in the field of optical sensors is opening the door to new 
opportunities and the use of this kind of sensors is more 
common over time. In this sense, fiber-optics has experienced 
an increasing interest and relevance as an adequate technology 
that combines the advantages of optical sensors in reduced-
size and cost effective devices [1]. 
Currently there are many different types of fiber-optic 
sensing structures. Among them, fiber Bragg gratings (FBGs) 
[2], long-period fiber gratings (LPFGs) [3], resonance-based 
sensors [4-5] and interferometers. Regarding the latter group, 
interferometers, a wide variety of structures has been 
developed: single-mode – multimode – single-mode (SMS) 
both in transmission and reflection versions [6-8], capillary 
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and heterogeneous structures [9-10] or the structure studied in 
this paper: multimode – coreless – multimode (MCM) [11]. 
Most of these interferometric structures share a similar design 
and own the advantages of their easiness when being 
manufactured and the low cost of the structures. Additionally, 
they provide high-resolution measurements due to their 
capability of developing prominent attenuation/transmission 
bands. Moreover, although they are structures with a low 
sensitivity, it is possible to improve this magnitude by 
combining the reduction of the diameter with the deposition of 
a thin-film whose refractive index is higher than the refractive 
index of the optical fiber [6]. 
Among the interferometers mentioned, probably the MCM 
design is one of the simplest structures, since the fact of using 
standard fibers, as in this case, normally decreases the cost of 
the device. This supposes an advantage if compared to other 
structures such as certain complex Fabry-Perot-based 
interferometers [12], where it is necessary to create air bubbles 
and/or grooving one of the fibers to obtain deep and high 
resolution interferometric bands but a lack of sensitivity 
enhancement. In addition, the MCM structure is suitable to 
insert more light from the coreless segment to the collecting 
multimode fiber, since the diameter of a multimode fiber 
(MMF) is wider than the diameter of a single-mode fiber 
(SMF).  
However, though there exist interesting works on the MCM 
structure where the influence of the coreless segment on the 
performance of the device is analyzed [11], or where the 
coupling to localized surface plasmon resonances (LSPRs) is 
used to develop a biosensor in the visible wavelength range 
[13], a more detailed study is required that relates the 
attenuation and transmission bands in the optical spectrum to 
the self-image (SI) band, as it has been done with the SMS 
structure [11,14]. Moreover, in addition to the coreless 
segment length it is necessary to study the influence of the 
cladding diameter and the effect of depositing a nanocoating, 
which in [6] has led to an important sensitivity improvement. 
As a proof of concept for the performance of the device, the 
devices will be tested against refractive index, which is one of 
the most typical applications of fiber-optic sensors and it is 
typically used as an assessment tool for determining the 
further performance when used as chemical or biological 
sensor [15,16]. After that, and thanks to the conclusions 
extracted from the refractometric sensor, a more specific 
application consisting of an optimized liquid level sensor will 
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The outline of this contribution is the following: the second 
section will present the optical set-ups and the chemical 
materials used along the corresponding experiments. Then, the 
spectral behavior of the MCM structure will be analyzed in 
section 3 as a function of the coreless segment length (CSL) 
and the sensing area diameter. The performance of the device 
as a refractometer and a liquid level sensor will be tested in 
section. Finally, some conclusions on the use of this simple 
interferometer as an optical sensing platform will be extracted. 
 
II. MATERIALS AND EXPERIMENTAL SET-UP 
As commented in the introduction and depicted in Fig. 1a, 
an MCM structure consists of two standard multimode fiber-
optic pigtails (in this case from Telnet Redes Inteligentes S.A) 
fused to both sides of a coreless optical fiber segment of 
length L (POFC Inc.). The total diameter of the manufactured 
waveguide is 125 microns. In this case, an ASBN-W-High 
power series white light source from Spectral Products Inc. 
launched the light inside the waveguide and either an HR-
4000 or a NIR 512 spectrometer from OceanOptics Inc. were 
used in order to receive the light in a broadband spectrum 
ranging from 400 to 1700 nm. The case under analysis, a 60 
mm coreless segment, leads to the creation of a self-image 
band at the end of the coreless segment, as it is shown in the 
optical intensity diagram obtained with FIMMWAVE® and 
presented in Fig. 1a.  
Regarding the materials used in the experiments, in order to 
detect surrounding refractive index (SRI) changes outside the 
waveguide, several solutions of glycerol (Sigma Aldrich Inc.) 
in ultrapure water were prepared in order to cover a range 
from 0 to 60% v/v concentration, what means a refractive 
index range from 1.33 to 1.40 refractive index units (RIU). 
Refractometric measurements were taken in transmission 
configuration (see Fig. 1b), and the results were corroborated 
with FIMMWAVE®. The expected evolution of the 
interferometric bands is schematically represented in Fig. 1d. 
In order to test the spectral behavior and the sensitivity of 
these structures, several devices with CSLs = 15, 20, 25, 30, 
40, 50, 60 and 70 mm were manufactured. Some of them were 
subjected to diameter reduction. This was made by performing 
an etching process consisting of immersing the MCM 
structures in 40% v/v hydrofluoric acid, following the 
instructions indicated in [6]. Moreover, some sensors were 
subjected to a sputtering process of tin-oxide (SnO2) with 
deposition parameters: Argon pressure = 0.09 mbar and 
polarization current = 90 mA. The deposition induces a red-
shift of the spectrum that leads to a higher sensitivity [14]. 
However, it is important to avoid depositing a thin-film where 
the mode transition takes place, since a non-desired lossy 
mode resonance can fade the necessary attenuation bands 
shown in Fig. 2, as it has been demonstrated in previous works 
[14-15]. According to this, it was checked that a deposition 
time of 45-60 seconds allows obtaining a good sensitivity 
without reaching the mode transition region.   
The measurements of the water level were performed by 
immersing the sensors in ultrapure water using an ND-Dipper 
robot by Nadetech Innovations S.L, as shown in Fig. 1c. In 
this way, the control of the immersion – withdrawal process 
ensured to make accurate displacements, whose effect on the 
wavelength shift is also described in Fig. 1d.  
III. SPECTRAL ANALYSIS AS A FUNCTION OF THE MCM 
DIMENSIONAL PARAMETERS 
In an MCM structure, similarly to the SMS structure, the 
self-imaging (SI) distance pertains to where the light field at 
the input of the coreless segment is replicated, in both 
amplitude and phase, on the output of the coreless segment for 
a specific wavelength [17]. According to [18], the SI distance 






Fig. 1.  (a) Experimental set-up used for characterization and detection using 
the MCM structure. The optical intensity distribution on the x–z plane at a 
wavelength of 1520 nm for an MCM structure with a coreless segment of 60 
μm is shown. (b) and (c) are schematics of both refractometric and liquid 
level measurements, indicating the wavelength shift as a function of the 
varying variable that makes possible the detection. These variations are 
reflected as either blue or red shifts, as indicated in (d). 




modes in the MMF segment are applied, at a distance L that 




where D and n are the waveguide diameter and refractive 
index, respectively, and λ is the operational wavelength. The 
integer factor p denotes the periodic nature of the imaging 
along the multimode waveguide [18]. Consequently, an MCM 
structure of length L that satisfies expression (1), will present a 
transmission band centered at a wavelength λ, which will be 
called henceforward self-image band or SI band. 
Hereafter, a study on the variation of two variables of 
expression (1) will be performed, the coreless segment length 
L and the waveguide diameter D, and on their influence on the 
sensitivity of the SI band. 
A. Varying the MCM coreless segment length 
In Fig. 2a, and according to by Jung et al. [11], different 
MCM structures of lengths ranging from 30 to 70 mm were 
analyzed with the novelty that, in some cases, two bands can 
be observed. For CSLs = 60 and 70 mm, the attenuation peak 
is located at 650 and 764 nm respectively, whereas a 
transmission peak can be observed in the NIR range of both 
spectra, located at 1293 and 1520 nm respectively.  
By applying expression (1) it is easy to observe that the 
band obtained at 1293 and 1520 nm with CSL 60 mm and 70 
mm fits with the wavelength of the first SI band, whereas the 
other band, located at a shorter wavelengths, is related to half 
of the SI length. In fact, contrary to the SI band, which is a 
transmission band, the other band has the form of a dip. This 
agrees with the fact that for the SI the phase changes of all the 
modes along the CSL differ by integer multiples of 2π, 
whereas for half this length the phase changes by integer 
multiples of π. In view of this, by setting p = 1 in expression 
(1), a good approximation is obtained to estimate the behavior 
of the first SI band in the MCM structure of CSL 60 and 70 
mm. Moreover, dividing by the obtained wavelength for all 
MCM structures ranging from 30 to 70 nm, another good 
approximation is achieved for the dips corresponding to half 
the length of the SI (see Fig 2b). The supplementary material 
uploaded with this article (S1) shows a numerical spatial 
analysis on the field intensity that corroborates this spectral 
behavior.  
All things considered, from a sensing point of view, the 
main conclusion extracted from this first analysis, is the 
presence of an attenuation band that can be obtained with 
shorter CSLs, which is advantageous in terms of reduction of 
the sensor size. This property will be used during the rest of 
this work. 
B. Varying the MCM diameter 
Regarding the analysis of the diameter, a video of the 
optical spectra collected during the etching process is attached 
in the supplementary material of this work as Visualization 1. 
A 30 mm-length coreless segment was used in this case to 
fabricate the MCM structure, leading to an attenuation band 
located near 1550 nm. A fusion of VIS-NIR spectra was 
monitored in order to sweep a broadband spectrum from 400 
to 1680 nm. It can be observed that the spectrum experiences a 
blue-shift in wavelength, which agrees with expression (1), 
where the wavelength is directly proportional to the diameter. 
In Fig. 3, this effect can also be visualized. The results 
demonstrate that it is possible to control the location of the 
attenuation band with the etching process. After 20 minutes of 
etching, a second transmission band (the SI band) can be 
visualized, obtaining a spectrum very similar to an MCM with 
a CSL of 60 mm, although clearly attenuated due to the lower 
diameter of the structure. 
C. Varying both length and diameter 
In order to complete the analysis, MCM structures with 
CSLs = 10, 20, 25 and 30 mm were analyzed. The goal was to 
etch them and try to deduce if there were any substantial 
changes in the blue-shift rate of the attenuation band, which is 
related to an enhancement in terms of sensitivity, as indicated 
in [19] (see Fig. 3).  
 
 
Fig. 2.  (a) Spectral evolution of the attenuation bands as a function of the 
MCM’s coreless segment length (CSL). (b) Experimental data and 
theoretical corroboration of the inverse proportionality between the 
interferometric bands and the wavelength. 




The first consideration to mention on these results is that, 
when the CSL is reduced, it takes longer to visualize the 
attenuation band. For instance, in the case of L = 10 mm, this 
band is obtained after 26 minutes. In the case of L = 20 mm, it 
is obtained after 9 minutes. For L = 25 mm it takes 5 minutes 
and for L = 30 mm the band is already located at 1550 nm 
before starting the etching process. 
It can also be observed that there is a high attenuation along 
the whole spectrum, which is even higher as long as the CSL 
segment increases. Taking a look to the color bars located at 
the right side of Fig. 3, it can be observed that in the case of L 
= 30 mm there is a drastic power loss of around 85% after 
fusing the coreless segment. On the other hand, after fusing 
the segment of L = 10 mm, these losses reach 55%. This 
makes sense for two reasons. The first one is that the CSL 
segment is a coreless fiber. Consequently, part of the light 
propagating within the structure escapes as evanescent field. 
The second is that as the CSL segment increases, the effect of 
the interferometry is also higher, which contributes to an 
increase in the overall power loss. 
Other considerations have to do with the wavelength shift of 
the attenuation band as the etching process takes place. At first 
sight, looking at Fig. 3, there is an apparent parallelism of the 
attenuation band shifts in all cases. By analyzing the data, it 
can be observed that in the case of L = 10 mm, the observable 
shift rate of the attenuation band is 270 nm in 3.33 minutes. In 
the case of L = 20 mm, there is a wavelength shift of 800 nm 
in 15 minutes. In the case of L = 25 mm, there is an 800 nm 
shift in 18 minutes. Finally, in the case of L = 30 mm, there is 
a 650 nm-shift in 15 minutes. The registered shift in the case 
of CSL = 10 mm is lower than in the rest of the structures. 
That is why only the results obtained for MCMs with CSL = 
30, 25 and 20 mm are compared, showing 43, 47 and 53 
nm/min shift rates respectively. The increase observed as a 
function of the CSL is because the wavelength shift is 
monitored when the diameter is smaller for MCMs with a 
shorter CSL (in Fig. 3b the band shift can be tracked after 10 
minutes of etching, whereas in Fig. 3d it is monitored from the 
beginning). In any case, the improvement of the wavelength 
shift rate attained if we compare MCMs with 30 and 20 mm is 
only 18.7%.  
Additionally, there are two more aspects to comment 
regarding etching. One of them is that the attenuation bands 
obtained at the beginning of the process are drastically 
vanished while they approach 900 nm, as it can be observed in 
Visualization 1, due to the lower effect of the interferometries 
in the VIS-NIR region. Therefore, it is better to work with the 
attenuation band located within the near-infrared region. The 
second is that once the structure is reduced to a diameter 
around 62.5 µm, this means, the standard MMF core diameter, 
it becomes brittle and the structure is broken. In Fig. 3, three 
of the four structures analyzed, the MCMs with CSLs 10, 20 
and 25 mm, were etched until they broke (the signal suddenly 
changes to 0) and in all cases the etching lasts about 30-35 
minutes. In view that in another publication it was checked 
that for diameters between 125 and 25 µm the diameter is 
linearly reduced as a function of the etching time [19], the 
 
 
Fig. 3.  Etching of several MCM structures using CSLs of (a) 10 mm, (b) 20 
mm, (c) 25 mm and (d) 30 mm. Attenuation and transmission bands blue-
shift during the etching process. 




estimated diameter when the structure breaks is around 65-55 
µm. This limitation in the etching process is what explains the 
slight improvement obtained compared to SMS structure, 
where diameters below 25 µm can be attained [6,20]. The fact 
of being capable of reaching lower diameters with the SMS 
structures is what explains a higher shift rate of the 
interferometric bands and, therefore, a higher sensitivity to 
SRI changes, as it will be proved in the next section. 
In summary, from an optical structure point of view, it 
could be said that, provided the transmission or the attenuation 
bands shown up in the infrared spectrum, it is possible to 
obtain a sensing platform with good spectral resolution as long 
as the attenuation band is located above 1500 nm. This can be 
done by controlling two parameters: the length and the 
diameter of the device. The length of the device rules the 
position of the attenuation band and the overall attenuation of 
the optical spectrum. In general, it is better to work with 
shorter lengths (less than 35 mm), since the initial 
transmission losses are reduced and the attenuation band is 
located at higher wavelengths, what can be beneficious in 
terms of SRI sensitivity, according to [20]. 
The second conclusion has to do with the diameter. This 
parameter can be controlled by etching the structure and 
permits to accurately adjust the position of the attenuation 
band when the CSL is short. Moreover, it is possible to obtain 
a slight improvement in the band shift rate, what can also 
slightly improve its SRI sensitivity as long as the attenuation 
band is located near 1500 nm, as mentioned before. 
IV. MEASUREMENTS WITH MCM-BASED SENSORS 
After analyzing the spectral behavior of the bare MCM 
structure, a characterization of this optical waveguide is 
presented in the following paragraphs, trying to apply this 
platform for sensing purposes.  
First, the sensitivity to SRI of several MCM structures with 
CSLs = 30, 40 and 50 mm is analyzed. Fig. 4a reflects the 
obtained results. The sensor with the highest sensitivity is the 
one with CSL = 30 mm, with a value of 157 nm/RIU between 
1.33 and 1.40 RIU. The MCM sensors with CSL = 40 mm and 
50 mm present a sensitivity of 120 nm/RIU and 84 nm/RIU 
respectively, between 1.33 and 1.40 RIU. As it can be 
observed, there is an increment in the sensitivity of the 
structure as a function of the decreasing CSL, which can even 
suppose doubling the sensitivity with respect to an MCM with 
CSL = 50 mm. Going back to Fig. 3d, in the case of CSL = 30 
mm the attenuation band is located in the third 
communications window, whereas the structures with CSL = 
40 and 50 mm present an attenuation band located below 1500 
nm. The explanation of this improvement is that the sensitivity 
to SRI changes is higher when the attenuation band is located 
at higher wavelengths. This is something that has already been 
demonstrated in fiber-optic sensors and, particularly, in 
interferometry-based fiber-optic sensors [20-22]. The 
simulations shown in Fig. 4a fit well with the experimental 
results and they confirm that the sensitivity increases when the 
attenuation band is located at higher wavelengths. In view of 
these results, using a long CSL makes no sense in terms of 
designing a refractometer, which reinforces the first 
conclusion obtained at the end of section III, where it is stated 
that it is better to reduce the CSL because otherwise power 
losses are increased and additionally, the attenuation band can 
be located at higher wavelengths. 
Using the same reasoning, it is possible to deduct the 
response of the MCM structures after being etched. In this 
sense, Fig. 4b is presented, which shows the results of the 
attenuation bands located within the 900 – 1700 nm range. 
Two analyses can be made here. First, the structures with CSL 
= 40 and 50 mm keep maintaining the lowest sensitivities, 
being even lower than without etching. The main reason for 
this is that, after etching, the attenuation bands are located 
below 1400 nm, so their sensitivity is clearly lower if 
compared with their own response without etching.  
Fig. 4b also includes the responses of MCMs with CSLs = 
15 and 20 mm. They have been etched until their attenuation 
bands have been centered at 1550 nm in order to make a 
comparison with the results obtained with the 30 mm-CSL 
MCM structure. As it can be observed, the device with CSL = 
15 mm presents a higher SRI sensitivity (187.5 nm/RIU) than 
the device with CSL = 20 mm (137.5 nm/RIU). This results is 
logical since the device with CSL 15 nm presented initially an 
 
 
Fig. 4.  (a) SRI detection of the different attenuation bands obtained by 
varying the length of an MCM coreless segment. The dashed lines are the 
numerical results. (b) Same measurement after etching several structures 
with different CSLs, in order to test their SRI sensitivity.  




attenuation band located at a longer wavelength than the 
device with CSL= 20 mm. Hence, the deeper etching was 
applied to position the attenuation band at 1550 nm. The 
deeper etching means a lower diameter and a higher 
sensitivity. However, if we compare the results of etched 
devices with CSL 15 mm and 20 mm with those obtained with 
the non-etched MCM structure with CSL = 30 mm, there is 
not a big difference in terms of sensitivity, which confirms the 
idea presented in section III that the etching is not critical in 
terms of sensitivity improvement compared to the position of 
the attenuation band in the optical spectrum. Among the three 
structures with higher sensitivity, the etched MCM structure 
with CSL = 15 mm, the etched MCM structure with CSL 20 
mm and the non-etched MCM with CSL = 30 mm, the latter is 
chosen  for this purpose because a longer segment allows a 
wider range in terms of liquid level detection. 
In order to test the device, a technique based on a robotic 
procedure was applied, very similar to that shown in [23]. The 
obtained sensitivity was 0.33 nm/mm, and presented high 
stability during the measurements. This is depicted in Fig. 5a, 
where the response of the sensor to three immersion-
withdrawal cycles in water is shown. Every 
increasing/decreasing step corresponds to sequences of 5 
seconds where the robot is stopped to stabilize the 
measurement. As it can be observed, steps are equally levelled 
and the structure shows a clear symmetry and repeatability 
along the whole experiment up to an overall wavelength shift 
of 10 nm for the 3 cycles analyzed.  
Once this bare structure was optimized in terms of 
dimensions for liquid level measurements, the next step was to 
obtain an increased sensitivity. As mentioned at the beginning 
of this contribution, a good way to do that is to deposit a thin-
film of higher refractive index than the substrate (i.e. the 
optical fiber) [6]. In this case, the MCM with CSL = 30 mm 
was deposited with SnO2 for 1 minute. After the deposition, 
the attenuation band was located at 1570 nm and its SRI 
sensitivity increased from 157 to 346 nm/RIU, what means a 
2.2-factor enhancement.  
Regarding the water level measurements, the obtained 
response can be observed in Fig. 5. By comparing Figs. 5a and 
5b it is remarkable how the attenuation band of the coated 
MCM red-shifts up to a factor of 2.2 with respect to the shift 
obtained without depositing the structure. Also, as in Fig. 5a, 
the stopping values remain quite well along the three cycles 
and no apparent hysteresis shows up between upside and 
downside steps. The bare MCM device with CSL = 30 mm 
presents a sensitivity of 0.33 nm/mm, whereas the sensitivity 
enhances to 0.73 nm/mm after the deposition of the thin-film. 
This remarkable difference can be checked in Fig. 5c, where a 
quite linear trend is observable in the behavior for both bare 
and coated sensors. 
V. CONCLUSIONS 
The data shown in this paper demonstrate the spectral 
behavior of an MCM structure as well as how to improve its 
sensitivity by either varying its dimensional parameters or 
depositing a higher refractive index thin-film towards 
development of sensing applications. 
First, the coreless segment length affects the response of the 
device. Based on the obtained results, by varying the coreless 
segment length it is possible to tune the central wavelength of 
either the self-image or the attenuation bands resulting from 
the mode beatings inside the interferometer. Regarding 
sensitivity, a better response can be achieved by adjusting the 
coreless segment length so that the bands are located within 
the third communications window and this is attained for short 
segments, which is good in terms of developing compact 
sensors. Oppositely, the diameter of the waveguide also 
influences the spectral response, but its contribution 
performance is low because, unlike in SMS structures, it is not 
possible to reduce the diameter to values below 50 µm without 
breaking the structure. Consequently, unetched and short 
 
 
Fig. 5.  Experimental evolution of the water level performance for (a) a bare 
MCM structure with CSL = 30 mm and (b) the same structure coated with a 
thin-film of tin oxide. (c) Sensitivity comparison between bare and coated 
sensors. 




length MCM structures are the best option in terms of sensing. 
A third parameter analyzed was the deposition of a thin-film 
of higher refractive index material than the optical fiber. This 
strategy has been used in long period gratings and in SMS 
structures for improving the sensitivity thanks to the mode 
transition phenomenon, but it was important to check if the 
same improvement was obtained with the MCM structure. By 
comparing the same MCM structure with and without coating, 
it was observed a sensitivity up to 346 nm/RIU after the 
deposition, what supposed a 2.2 factor enhancement if 
compared to the bare MCM structure.  
As a result, it can be concluded that no diameter reduction, 
coreless segment length adequate to position the transmission 
or attenuation bands at long wavelengths where high visibility 
and sensitivity of the band is attained, and deposition of a high 
refractive index thin-film are the three main things that must 
be considered in order to obtain optimized MCM based 
sensors. As a proof of concept, a liquid level sensor was 
developed and, according to the results obtained for the 
refractometer, the sensitivity of the thin-film deposited device 
multiplied by three the results of the bare structure, while 
maintaining its mechanical stability and repeatability. 
All things considered, the study presented here has proved 
that a wide variety of parameters can be tuned in the MCM 
structure towards optimized designs. Moreover, proving that it 
is possible to apply thin-films with an increased sensitivity 
opens the path towards the development of other applications 
such as humidity, chemical, or biological sensors. The main 
limitation of this structure is that its sensitivity is not very 
high, but at the same time it is a very simple structure that in 
the VIS/NIR region can be used with cost-effective sources 
and detectors. 
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